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SUMMARY Modularity of the cranidium of Crassifimbra?
metalaspis, a Cambrian ptychoparioid trilobite, is investigated
using landmark-based geometric morphometric methods to
gain insight into the integration among morphogenetic
processes responsible for shaping the head of an ancient
arthropod. Of particular interest is the extent to which the
structure of phenotypic integration was governed by direct
interactions among developmental pathways, because these
interactions may generate long-term constraints on evo-
lutionary innovation. A modified two-way ANOVA decom-
poses cranidial shape variation into components representing
symmetric variation among individuals and fluctuating
asymmetry (FA). The structure of integration of each of these
components is inferred from correlated deviations in shape
among nine partitions of the cranidium. Significant correlation
among partitions in FA indicates direct interactions among
their respective developmental pathways. An a priori hypo-
thesis that modularity was determined by functional association
among partitions is not well supported by the among-partition
correlation structure for either component of variation. Instead,
exploratory analyses reveal that phenotypic integration was
strongly influenced by spatially localized morphogenetic
controls. Comparison of the structures of the Individuals and
FA components of variation reveals that the two share relatively
few commonalities: the structure of phenotypic integration was
only weakly influenced by direct interactions. The large
contribution of parallel variation to phenotypic integration
suggests that modularity was unlikely to have imposed a
long-term constraint on evolutionary innovation in these early
trilobites.
INTRODUCTION
Phenotypic integration is expected to arise when traits are
functionally or developmentally coupled within individuals;
according to long-standing theory, integration at the individ-
ual level is expected to lead to phenotypic integration at
population level, that is manifest by statistical correlations
between traits (Olson and Miller 1958; Cheverud 1982, 1984;
Schlosser and Wagner 2004). Such integration channels vari-
ation into a few dimensions, and leads to the recognition of
variational modules (i.e., suites of traits that covary more
highly with each other than with traits belonging to other
modules). Depending on its congruence with selective pres-
sure, the structure of integration (and thus variational mod-
ularity) can constrain the direction and either impede or
enhance the rate of evolution (Simpson 1944; Burger 1986;
Wagner 1988; Schluter 1996; Wagner and Altenberg 1996;
Marroig and Cheverud 2005; Renaud et al. 2006; Sniegowski
and Murphy 2006; Hunt 2007).
The lability of phenotypic integration determines the ex-
tent to which it may affect macroevolutionary diversification.
If integration itself rapidly evolves, then directions of ‘‘least
resistance’’ can also change rapidly, making integration only a
short-term constraint on innovation. An important and novel
hypothesis proposes that the developmental cause of integra-
tion may determine how rapidly integration itself evolves.
Two kinds of developmental causes of correlations have been
distinguished: those caused by (1) parallel variation, whereby
the same source of variation acts independently in two or
more developmental modules; and (2) direct interactions,
whereby variation is transmitted within and between devel-
opmental pathways that directly connect to each other such as
by partitioning of material or signaling (e.g., Klingenberg and
Zaklan 2000; Klingenberg et al. 2001, 2003; Klingenberg
2005). It is hypothesized that correlations can be restructured
more easily if they arise from parallel variation than from
direct interactions because the former can occur by selection
for favorable patterns of pleiotropy, whereas the latter re-
quires restructuring of developmental pathways (Klingenberg
2005). Thus, to the extent that integration is due to direct
interactions, it is likely to be temporally conservative except
for rare, rapid changes in structure. Lability of phenotypic
integration is almost invariably inferred by comparison of the
structure of integration among extant organisms. Variational
modularity of extinct species has rarely been studied, although
paleontological examples were a key component of the pio-
neering work by Olson and Miller (1958). The contribution of
direct interactions to phenotypic integration is known for only
a few taxa, all extant (e.g., Klingenberg and Zaklan 2000;
Klingenberg et al. 2001, 2002, 2003, 2004; Klingenberg 2004,
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2005; Zelditch et al. 2008, 2009; Drake and Klingenberg
2010). As a result, it is difficult to say whether temporal trends
in rates and directions of diversification, as revealed by the
fossil record, can be ascribed to direct interactions.
Here we investigate the structure of integration of a Cam-
brian trilobite, with the specific aims of (1) gaining insight into
the developmental underpinning of shape variation in an an-
cient arthropod, and (2) determining the extent to which the
structure of phenotypic integration was governed by direct
interactions and was thus likely to have served as a long-term
constraint on innovation. We use as a case study Crassifimbra?
metalaspis (Sundberg and McCollum 2000), an early ptycho-
parioid trilobite from the uppermost Dyeran (traditional Lau-
rentian ‘‘Lower Cambrian’’) Pioche Formation of Nevada
(Webster in press). Early ptychoparioid trilobites are thought
to be the plesiomorphic ancestral stock from which more de-
rived trilobite clades arose (Fortey in Whittington
et al. 1997, p. 296; Fortey 2001, p. 1148) and thus occupy a
pivotal place in trilobite evolution. Our study focuses on the
cranidium (Figs. 1 and 2), a morphologically complex cephalic
sclerite well suited for analysis of shape using landmarks and
semilandmarks. A variety of structures are incorporated into
the cranidium, associated with different functions (Whit-
tington et al. 1997; below). A modular arrangement of parts
within such a multifunction sclerite might be expected. An
understanding of cranidial modularity is important because
modification of cranidial shape was a major component of
trilobite evolution (Foote 1989, 1990, 1991, 1993a, b; Fortey
and Owens in Whittington et al. 1997).
Our article is structured as follows: we first present an a
priori model for the functional integration of the cranidium;
unlike the developmental and genetic regulators of form,
functional attributes of cranidial regions are reasonably well-
known. Because we have only one a priori hypothesis and
that might not be the optimal model for cranidial integration,
we follow the test of the functional model by exploratory
analyses, using these to derive an a posteriori model of crani-
dial integration. We then assess the contribution that direct
interactions made to phenotypic integration.
Functional integration of the cranidium
The function of the various structures incorporated into the
cranidium is reasonably well established (Whittington et al.
1997): the glabella covered the stomach and anterior portion
of the digestive tract, and was also the site of attachment for
cephalic appendages; the palpebral lobes were associated with
the eye; the facial sutures were associated with ecdysis; and the
posterior cranidial margin was associated with articulation
between the cranidium and anterior most thoracic segment.
This permits development of a simple model for the predicted
functional integration of the cranidium. The glabella, the
palpebral lobes, the facial sutures, and the posterior cranidial
margin are expected to represent distinct modules, based on
their differing functions (associated with digestion/appendage
attachment, the visual field, ecdysial mechanics, and cephalon–
trunk articulation mechanics, respectively). The anterior crani-
dial margin is assigned to the ecdysial functional module given
its close association with the rostral suture, which lies subpar-
allel and immediately interior to the anterior margin on the
ventral surface (Fig. 1, B, G, and K). This simple functional
model predicts that the module relating to the visual field is
decoupled from that relating to ecdysial mechanics. However,
the distal margin of the palpebral lobes is also defined by an
ecdysial suture. This article does not develop more complex
functional models that involve integration between these hy-
pothesized modules (but see exploratory analyses, below).
To assess the fit of the functional model to the data, we
divide the cranidium into nine partitions, and represent the
expected correlations among those partitions (Fig. 2C) by
edges between nodes of a graph. In specifying the model we
distinguish between edges that are left free to be estimated by
maximum-likelihood and those that are fixed by the hypoth-
esis; the ones that we fix are between hypothesized mod-
ulesFthese are expected to be conditionally independent. The
fit of the model to the data is then assessed by a w2-value,
which is a function of deviation between the model and data
and the sample size. We also use the Akaike Information
Criterion (AIC) to determine whether the hypothesis of func-
tional integration improves upon the null model of complete
integration (i.e., the saturated model). The AIC is 2k–2ln(L),
where k is the number of parameters and L is the maximized
value of the likelihood function (Akaike 1974); the model with
the lower AIC is therefore preferred. We also evaluate fit of
the functional model by constructing a target matrix in which
partitions hypothesized to belong to the same module are
assigned a correlation of 1.0 and partitions hypothesized to
belong to different modules are assigned a correlation of zero;
the matrix correlation between this target matrix and the ob-
served among-partition correlation matrix is then tested for its
statistical significance using the permutation-based Mantel
test (Mantel 1967; Dietz 1983). This technique is regularly
used to compare correlation matrices (e.g., Kohn and Atchley
1988; Cheverud et al. 1989, 1991; Cheverud 1995; Ackermann
and Cheverud 2000; Hallgrı́msson et al. 2004; Young 2004;
Monteiro et al. 2005; Zelditch et al. 2008, 2009).
MATERIAL AND METHODS
Material
Silicified sclerites of Crassifimbra? metalaspis (Fig. 1) were recovered
from a thin carbonate bed approximately 10.75m above the base of
the Combined Metals Member (Pioche Formation) at the Log
Cabin Mine section, Highland Range, east-central Nevada (sample
ICS-10124; Webster in press). Taphonomic and stratigraphic data
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Fig. 1. Representative silicified specimens of Crassifimbra? metalaspis. (A–D) Articulated dorsal exoskeleton with 14 thoracic segments
(pygidium missing) in dorsal, ventral, anterior, and right lateral views, FMNH PE58337, 18 . The cranidium and librigena, separated by
the facial suture, together comprise the cephalon (head shield). (E) Small cranidium in dorsal view, FMNH PE58278, 22 . (F–I) Large
cranidium in dorsal, ventral, right lateral, and anterior views, FMNH PE58271, 9 . (J–M) Large cranidium in dorsal, ventral, right lateral,
and anterior views, FMNH PE58273, 9 . All from ICS-10124, Combined Metals Member, Pioche Formation, Log Cabin Mine section,
Highland Range, Nevada.
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indicate that this bed accumulated over just decades to hundreds of
years and therefore contains a minimally time-averaged fossil as-
semblage (Webster in press). The sclerites are typically in excellent
condition, suggesting minimal transportation and reworking. This
bed is of latest Dyeran age, approximately 510 million years old
(Shergold and Cooper 2004). The carbonate was dissolved in weak
acetic acid, and silicified sclerites were picked from the insoluble
residue. Silicified cranidia were cleaned, blackened with dilute In-
dian ink, whitened with ammonium chloride, and mounted for
photography using the standard orientation of Shaw (1957), with
the dorsal surface of the palpebral lobes being positioned horizon-
tally below a vertically mounted digital camera. Each cranidium
was whitened, mounted, and photographed twice; approximately 2
weeks separated repeated imaging of each specimen.
The 72 cranidia included in the analyses presented herein range
from 1.71 to 5.43mm in sagittal length. Smaller cranidia were ex-
amined to confirm that only one species was represented in the
sample (see also Webster in press), but were not included in the
morphometric analysis because (1) they are more difficult to mount
and photograph in a consistent orientation; (2) the potential for
sampling a portion of ontogeny with a nonlinear pattern of
allometry is greater when early ontogenetic stages are included; and
(3) the potential for sampling a portion of ontogeny with an in-
tegration structure that differs from the mature condition is in-
creased when earlier ontogenetic stages are included. Specimens are
housed in the Field Museum of Natural History, Chicago
(FMNH) and the Institute for Cambrian Studies, University of
Chicago (ICS).
Quantifying cranidial shape
Landmark-based geometric morphometric methods (Rohlf and
Slice 1990; Bookstein 1991; Dryden and Mardia 1998, Zelditch
Fig. 2. (A) Landmark and semilandmark selection on the crani-
dium of Crassifimbra? metalaspis. Landmarks (large circles, num-
bered): 1, Anterior cranidial margin on sagittal axis; 2, anterior of
glabella on sagittal axis; 3, posterior margin of occipital ring on
sagittal axis; 4, 5, intersection of occipital ring and posterior crani-
dial margin in dorsal view; 6, 7, intersection of SO with axial fur-
row; 8, 9, anterior tip of palpebral lobe; 10, 11, posterior tip of
palpebral lobe; 12, 13, intersection of posterior branch of facial
suture with distal margin of palpebral lobe in dorsal view; 14, 15;
distal tip of posterior wing of fixigena. Semilandmarks (small cir-
cles, not numbered) summarize curvature of anterior cranidial
margin and anterior branch of the facial suture (19 points each side
between landmarks 1 and 8/9), distal margin of palpebral lobe (9
points each side between landmarks 8/9 and 10/11), posterior
branch of the facial suture (14 points each side between landmarks
10/11 and 14/15), posterior cranidial margin (19 points each side
between landmarks 4/5 and 14/15), and glabella anterior to SO (24
points each side between landmarks 2 and 6/7). See text for details.
(B) The nine partitions of cranidial morphology analyzed herein:
anterior glabella (blue); posterior glabella (yellow); anterior portion
of the palpebral lobe (purple); posterior portion of the palpebral
lobe (green); proximal posterior margin (pale blue); distal posterior
margin (black); anterior margin (white); anterior branch of the
facial suture (gray); and posterior branch of the facial suture (red).
(C) Predicted modules in the cranidium based on the a priori
functional hypothesis. Modules are associated with digestion/ap-
pendage attachment (glabella; yellow), the visual field (palpebral
lobes; blue), ecdysis (facial sutures and anterior margin; white), and
articulation between the cephalon and trunk (posterior margin;
black). See text for details.
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et al. 2004; Webster and Sheets 2010) are widely used to study
biological shape, shape variation, and covariation of shape with
other biotic and abiotic variables. Such techniques have been ap-
plied in many paleontological studies (for trilobite examples, see
Webster 2007 and references therein; Hopkins and Webster 2009;
Webster in press). With sufficiently well-preserved material, the
methods are capable of detecting even very subtle developmental
signals in ancient organisms (Webster et al. 2001; Webster and
Zelditch 2005, 2008; Webster 2007, in press). Such techniques are
used herein to analyze the structure of integration within the
cranidium of Crassifimbra? metalaspis.
The x- and y-coordinates of 15 landmarks and 170 semiland-
marks (along 10 curves) were digitized from images of 72 cranidia
(Fig. 2A). Coordinate data were restricted to two dimensions be-
cause the cranidia are small in absolute size (making error asso-
ciated with digitizing in the z-plane relatively large) and are of
relatively low relief. It is assumed that exclusion of the third di-
mension does not markedly affect the conclusions. Landmark and
outline coordinates were extracted using tpsDig2 (Rohlf 2009).
Coordinates of sliding semilandmarks were calculated from the
curve data using the SemiLand6 software (Sheets 2009), using the
minimized Procrustes distance method to optimize their location
along the outline. Measurement error associated with specimen
mounting, photography, and digitizing replicability was negligible.
Allometry is a weak but significant contributor to cranidial
shape variation in the sample (Fig. 3; multivariate regression of
shape variables against the natural logarithm of centroid size
[lnCS]: SStotal50.0574; SSresidual50.0543; Po0.006; significance
determined by 1600 bootstraps). In order to remove the portion of
shape variation resulting from allometry, the sample was compu-
tationally size standardized using Standard6 (Sheets 2001). This
procedure involves conducting a linear regression of shape vari-
ables against lnCS, then using this model to predict the shape of
each specimen at a user-specified size. Residuals (shape deviations
from the regression) remain associated with each specimen, so that
the ‘‘size-standardized’’ shape of each specimen is the predicted
shape of that specimen at the user-specified size plus its original
residuals. When all specimens within a sample are size-standardized
to the same lnCS, shape variation is determined entirely by the
residuals from the regression model. This technique is routinely
used to remove the effects of allometry (Zelditch et al. 2004; Hop-
kins and Webster 2009; Webster in press). The full data set was
standardized to a size of lnCS53.7, equivalent to a sagittal crani-
dial length of approximately 4.2mm. This is close to the maximum
size (but within the size range) of sampled specimens, and therefore
does not involve extrapolation of modeled ontogenetic vectors of
shape change beyond the observed portion of ontogeny. Compar-
ison of analyses with and without size-standardization revealed
that this procedure had only a negligible effect on results (analyses
not presented). This is not surprising, given the weak allometric
signal in the data. All analyses presented below are based on the
size-standardized data.
Isolating integration resulting from direct interactions
among developmental pathways
The spatial structure of fluctuating asymmetry (FA; random devi-
ations from bilateral symmetry) reveals which anatomical regions
are integrated through direct interactions among their respective
morphogenetic developmental pathways. This is because the two
sides of the body do not differ in the causes of parallel variation,
that is, genetic or environmental factors acting independently in two
or more modules (e.g., Klingenberg and Zaklan 2000; Klingenberg
et al. 2001, 2003; Klingenberg 2005). Because the causes of parallel
variation are held constant, these cannot be the cause of correlated
FAs. Instead, correlated FAs arise from the processes that can
transmit variation from one trait to another, thus inducing covari-
ation between them; the source of such variation being a random
perturbation of development. Therefore, correlations of (signed)
asymmetries indicate integration due to direct interactions (e.g.,
Klingenberg and Zaklan 2000; Klingenberg et al. 2003; Klingenberg
2005; Zelditch et al. 2008, 2009). A particularly attractive feature of
using correlated FAs to delimit modules is that the findings are less
dependent on what happens to vary within a sample. This latter
point is important because phenotypic integration results from the
net effect of variation in multiple developmental processes that can
overwrite each other (Hallgrı́msson et al. 2007, 2009).
The presently favored approach for isolating the FA compo-
nent of variation uses the two-factor mixed-model analysis of vari-
ance (ANOVA), with the two main effects being ‘‘Individuals’’ and
‘‘Sides’’ (Leamy 1984; Palmer and Strobeck 1986). The former
Fig. 3. Thin-plate spline deformation grid depicting shape change
during the sampled portion of ontogeny of Crassifimbra? metal-
aspis. Landmark configuration shown in Fig. 2A. Reference form is
consensus of all 72 configurations. The glabella proportionally
narrows (tr.) anteriorly and widens (tr.) posteriorly, becoming more
anteriorly tapered. The glabella also shortens slightly relative to
cranidial length as the frontal area proportionally elongates (long.).
The portion of the posterior cranidial margin distal to the fulcrum
becomes less strongly posterolaterally oriented. The anterior crani-
dial margin and the anterior branch of the facial suture migrate
away from the anterior margin of the glabella as the anterior
cranidial border widens (tr. and long.). The anterior end of the
palpebral lobe more or less initially contacts the anterior border
furrow, but becomes separated from it as a strip of exoskeleton
anterior to the ocular ridge elongates (long.). The palpebral lobe
proportionally shortens (exsag.), and its distal edge (bounded by
the facial suture) becomes slightly more strongly crescent-shaped.
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effect quantifies the symmetric component of variation among in-
dividuals after correction for asymmetry; the latter effect quantifies
the directional asymmetry between left and right sides of the or-
ganism. FA is quantified by the interaction between these two
components, and its statistical significance is assessed by the F-ratio
between the interaction mean square and measurement error mean
square (Leamy 1984; Palmer and Strobeck 1986). This same ap-
proach has been adapted to Procrustes-based methods of shape
analysis (Auffray et al. 1996; Klingenberg and McIntyre 1998;
Klingenberg et al. 2002). A permutation test is used to determine
the significance of the FA term. The SAGE software (Marquez
2007a) was used to conduct this analysis of FA and to generate
shape coordinates for the Individuals and FA shape components
for use in subsequent analyses.
The among-partition correlation matrix
To measure the correlations between the shape of cranidial regions
we divided it into nine partitions (Fig. 2B): (1) anterior glabella;
(2) posterior glabella; (3) anterior portion of the palpebral lobe;
(4) posterior portion of the palpebral lobe; (5) proximal portion of
the posterior cranidial margin (including a landmark at the midline
of the posterior margin of the occipital ring); (6) distal portion of
the posterior cranidial margin; (7) anterior cranidial margin; (8)
anterior branch of the facial suture; and (9) posterior branch of the
facial suture. The boundary between partitions (1) and (2) corre-
sponds to the transition from the region of the glabella that pro-
portionally narrows during ontogeny versus the region that
proportionally widens during ontogeny (Fig. 3; Webster in press).
The boundary between partitions (3) and (4) corresponds to a
break in curvature on the distal margin of the palpebral lobe seen
on some specimens, but is otherwise arbitrary. The boundary be-
tween partitions (5) and (6) corresponds to the location of the
fulcrum (distal to which the cranidial margin is oriented more
strongly posterolaterally and ventrally). The boundary between
partitions (7) and (8) approximately corresponds to the contact
between the anterior cranidial margin and the anterior branch of
the facial suture, although this transition is often not marked by a
distinct break in curvature.
The landmark (and semilandmark) coordinates for each par-
tition were extracted from the whole; the shape of partitions (1),
(2), and (7), displaying object symmetry, was summarized by
landmarks on both sides of the sagittal axis (Fig. 2B). The shape of
the other partitions, displaying matching symmetry, was summa-
rized by landmarks on only one side of the cranidium (Fig. 2B).
Each partition was subsequently treated as a separate multidi-
mensional trait, and landmark configurations for each partition
were superimposed separately. The pairwise Procrustes distances
between all individuals were then calculated for each partition and
the matrix correlation between distance matrices of partitions was
calculated, yielding a matrix of correlations between shapes of the
partitions. High correlation between two partitions indicates that
shape deviation among specimens in one partition is associated
with shape deviation among specimens in the other: that is, the
partitions are structured similarly in their shape variation. The
among-partition correlation matrix was calculated for both
the Individuals and FA components of shape, permitting inference
of the structure of symmetric phenotypic integration and of inte-
gration arising through direct interactions among developmental
pathways, respectively. This matrix was computed using
CORIANDIS (Marquez 2007b). The resultant correlation matrix
was then assessed for its fit to the a priori model and also subjected
to a series of exploratory analyses by hierarchical cluster analysis,
reticulate network analysis, and graphical modeling.
Hierarchical cluster analysis
We use both Ward’s (Ward 1963) and UPGMA (Farris 1969)
ultrametric clustering methods to explore the correlation struc-
ture between the nine cranidial partitions. Such methods are
widely used in integration studies (Zelditch et al. 2008, 2009,
and references therein). Ward’s method maximizes the hierar-
chical structure of the dendrogram by minimizing the variance
of within-cluster distances. UPGMA clusters observations
based on the mean distance between all objects in the cluster.
The extent to which the clusters reconstruct the observed cor-
relation matrix is assessed using the cophenetic correlation
(Sneath and Sokal 1973), which measures the correlation be-
tween the distances between partitions in the observed data
(calculated by subtracting each correlation from 1.0) and the
distances between partitions on the cluster dendrogram. Values
o0.85 indicate that distances are distorted on the dendrogram
and that fit is poor. The assumption that clustering is actually
hierarchical can be tested by the agglomerative coefficient (AC;
Kaufman and Rousseeuw 1990; Zelditch et al. 2008), which
quantifies the degree of hierarchical structure of the data. The
AC is a function of the distance between each observation and
the first cluster with which it is merged, divided by the dissim-
ilarity between the last-merged objects. Values of AC range
from 0 to 1; high values indicate much greater similarity among
the first-merged observations than among the last-merged ob-
servations (i.e., strong hierarchy). Cophenetic correlations and
ACs were calculated using the ‘‘cluster’’ package in R (Maechler
et al. 2005; R Development Core Team 2008). Hierarchical
clustering was performed in SPSS.
Reticulate network analysis
Standard hierarchical clustering methods are ultrametric, meaning
that all distances between traits within a cluster are smaller than
distances to traits outside the cluster and that all traits outside a
cluster are equally far from all traits within. Reticulate network
analysis is a nonultrametric approach that permits reticulations
among clusters, such that a trait may belong to more than one
cluster (Makarenkov and Legendre 2004; Makarenkov et al. 2004;
Zelditch et al. 2008, 2009). Clustering is additive, relaxing the con-
straints on trait distances within and among clusters (Sattath and
Tversky 1977). Reticulations are added if they significantly improve
the additive dendrogram, based on an optimization between fit to
the original distances and the number of linkages on the dendo-
gram. Reticulate network analysis was conducted on the among-
partition correlation matrices using the T-REX software (Ma-
karenkov 2000), using the conservative Q1 optimization criterion
for addition of reticulations (summarized by Zelditch et al. 2008,
2009).
Graphical modeling
Graphical modeling represents another method for exploring the
associations between cranidial partitions (Magwene 2001; Young
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2004; Young and Hallgrı́msson 2005; Polanski and Franciscus
2006; Allen 2008; Lawler 2008; Zelditch et al. 2009; but see crit-
icisms by Mitteroecker and Bookstein 2007, 2009 and reply by
Magwene 2009). An among-partition partial correlation matrix is
computed by inverting the observed among-partition correlation
matrix, then rescaling the values so that all elements along the
diagonal are 1.0. When used in an exploratory fashion, a heuristic
search is conducted to find a model containing the fewest edges that
fits the data. Graphical modeling analyses were conducted using
the MIM 3.2.0.7 (Edwards 2008). Heuristic searches were done in a
stepwise fashion, using the options for a headlong search (i.e., edges
inspected in random order), a bidirectional search (i.e., both adding
and deleting edges), and an unrestricted search (i.e., allowing edges
that were removed in a prior iteration to be reconsidered); for more
details see the summary in Zelditch et al. (2009). An F-test was used
to determine the significance of the resulting model given our rel-
atively small sample size.
Assessing the contribution of direct interactions to
phenotypic integration
The contribution of direct interactions to phenotypic integra-
tion can be estimated by comparing the covariance/correlation
structure of the FA and Individuals components of variance
(e.g., Klingenberg and Zaklan 2000; Klingenberg et al. 2003;
Klingenberg 2005; Zelditch et al. 2008, 2009). Two such com-
parisons are made here. The first computes the covariance be-
tween landmarks for configurations representing the Individuals
component of shape, and for configurations representing the
FA component of shape. The structure of the two covariance
matrices is then compared using a matrix correlation (the ob-
served correlation being adjusted by multiplying it by the square
root of the product of the repeatabilities of each covariance
matrix). The significance of the adjusted matrix correlation is
assessed using a Mantel test (1000 permutations). This analysis
was performed in MACE (Marquez 2007c). The second com-
parison uses matrix correlation and a Mantel test to determine
the similarity between the among-partition correlation matrices
for the two components of variation. For both comparisons,
significant correlation means that the structures of the Individ-
uals and FA components of variation are more similar than
expected by chance, indicating that direct interactions make a
significant contribution to phenotypic integration.
RESULTS
Isolating integration resulting from direct
interactions among developmental pathways
Results of the modified two-way ANOVA of the size-stan-
dardized data (Table 1) show that the Individuals component
(relating to symmetric variation among specimens) accounts
for 75% of the total shape variance. As expected for the
bilaterally symmetrical cranidium, the Sides component (re-
lating to directional asymmetry) accounts for a negligible
proportion of total shape variance (smaller than measurement
error). The Individuals Sides interaction term, relating to
FA, explains 20% of total shape variation and is highly sig-
nificant. Measurement error (generated through inclusion of
configurations digitized from replicate images of each spec-
imen, above) is an order of magnitude smaller than FA.
The among-partition correlation matrix
The among-partition correlation matrix for symmetric vari-
ation among individuals is shown in Table 2 (lower triangle;
derived from shape data of the Individuals component of
variation, above). The anterior glabella partition significantly
correlates (at 95% confidence) with (1) posterior glabella, (2)
both partitions along the posterior margin, the (3) anterior
margin, and the (4) posterior branch of the facial suture par-
titions. The posterior glabella partition also significantly cor-
relates with the proximal posterior margin and the anterior
margin. Perhaps surprisingly, the anterior and posterior por-
tions of the palpebral lobe do not significantly correlate with
each other; indeed, the former shows significant correlation
only with the partitions relating to the cranidial margin an-
terior to it, and the latter is not significantly correlated with
any other partition. The proximal and distal portions of the
posterior margin do not significantly correlate with each
other; although both significantly correlate with the (1) an-
terior glabella, (2) posterior branch of the facial suture,
and (3) anterior margin. The anterior margin significantly
correlates with all partitions except the posterior portion of
the palpebral lobe. The anterior and posterior branches of the
Table 1. Results of the modified two-way ANOVA of size-standardized shape data
Effect SS d.f. MS F-value P-value % Variance explained
Individuals 0.16680 12,993 0.0000128 3.7020 o0.001 75.497
Sides 0.00272 183 0.0000149 4.2879 o0.001 1.232
Individuals  Sides (FA) 0.04506 12,993 0.0000035 13.3651 o0.001 20.393
Measurement error 0.00636 26,352 0.0000002 F F 2.879
Total 0.22094 100.00000
See text for details and interpretation.
SS, sum of squares; d.f., degrees of freedom; MS, mean square.
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facial suture are not significantly correlated with each other.
The strongest correlations are found between the distal pos-
terior margin and the posterior branch of the facial suture,
between each of these partitions and the anterior glabella
partition, and between the posterior branch of the facial su-
ture and the anterior margin.
The among-partition correlation matrix for the FA com-
ponent of variation (Table 2, upper triangle) is generally sim-
ilar to that for the Individuals component. Most differences
relate to the palpebral lobe partitions, which show significant
correlation with each other and with the anterior glabella; the
posterior portion of the palpebral lobe also significantly cor-
relates with the (1) posterior glabella, (2) proximal posterior
margin, (3) anterior margin, and the (4) posterior branch of
the facial suture. The correlations between the anterior por-
tion of the palpebral lobe and the anterior margin, and be-
tween the anterior portion of the palpebral lobe and the
anterior branch of the facial suture, are not significant. The
proximal and distal portions of the posterior margin show a
weak but significant correlation. The posterior branch of the
facial suture also significantly correlates with the posterior
glabella and with the anterior branch of the facial suture. The
strongest correlations are found between the distal posterior
margin and the posterior branch of the facial suture, between
the distal posterior margin and the anterior glabella, and be-
tween the proximal posterior margin and the anterior margin.
Fitting a functional model to observed
correlations
Fit of the a priori functional hypothesis to the observed
among-partition correlation structure is poor for both the
Individuals and FA components of variation. The data de-
viate substantially from expectations of the model for both
the Individuals (AIC51854.388, deviance598.107, d.f.530,
Po0.001) and FA components of variation (AIC51850.433,
deviance5128.947, d.f.530, Po0.001). For both data sets,
the DAIC of the models relative to the fully saturated model is
greater than zero, indicating exceptionally poor fit
(DAIC538.107; DAIC568.569 for Individuals and FA
components, respectively). The matrix correlations between
the model and both data sets also reveal exceptionally poor fit
of the modelFthe target and observed matrices are no more
similar than expected by chance (RM50.046, P50.32;




AC is o0.53 for dendrograms produced by both UPGMA
and Ward’s methods (Fig. 4), indicating that hierarchical
structure is relatively weak. Dendrograms produced using the
UPGMA method have a cophenetic correlation of 40.85,
indicating satisfactory representation of the structure of the
original among-partition correlation matrix. Ward’s and
UPGMA methods produce very similar clustering of parti-
tions for the Individuals component of variation data (Fig. 4,
A and B). Both identify a tight cluster consisting of the [[[an-
terior glabella1posterior branch of the facial suture] distal
posterior margin] anterior margin] partitions. Both also iden-
tify clusters consisting of the [posterior glabella1proximal
posterior margin] partitions, and the [[anterior palpebral
lobe1anterior branch of the facial suture] posterior palpebral
lobe] partitions. The second cluster is weakly linked to either
the first or the third cluster (UPGMA or Ward’s method,
respectively). The two methods also produce reasonably sim-
ilar clustering of partitions for the FA component of variation
Table 2. Among-partition correlation matrix for symmetric phenotypic variation (derived from shape data of
individuals component of variation; lower triangle) and for direct interactions among developmental pathways
(derived from shape data of FA component of variation; upper triangle)
Ant Glab Post Glab Ant Palp Post Palp Prox PM Dist PM Ant Marg Ant Fac Post Fac
Ant Glab 0.432 0.192 0.207 0.186 0.539 0.189 0.149 0.352
Post Glab 0.239 0.128 0.201 0.345 0.426 0.421 0.256 0.372
Ant Palp 0.117 0.100 0.199 0.159 0.054 0.099 0.109 0.101
Post Palp 0.093 0.041 0.075 0.449 0.144 0.430 0.116 0.206
Prox PM 0.229 0.343  0.042 0.019 0.187 0.625 0.167 0.205
Dist PM 0.556 0.128 0.055 0.138 0.160 0.286 0.183 0.564
Ant Marg 0.441 0.187 0.169 0.140 0.205 0.412 0.192 0.353
Ant Fac 0.101 0.130 0.288 0.153 0.062 0.017 0.186 0.325
Post Fac 0.629 0.175 0.077 0.144 0.252 0.564 0.546 0.100
Correlations significant at 95% confidence (based on 1000 permutations) are boldface and in shaded cells.
Locations of partitions shown in Fig. 2B. See text for details and interpretation.
Ant Glab, anterior glabella; Post Glab, posterior glabella; Ant Palp, anterior portion of palpebral lobe; Post Palp, posterior portion of palpebral lobe;
Prox PM, proximal portion of posterior margin; Dist PM, distal portion of posterior margin; Ant Marg, anterior margin; Ant Fac, anterior branch of
facial suture; Post Fac, posterior branch of facial suture.
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data (Fig. 4, C and D), although this clustering is not very
similar to that for the Individuals component. For the FA
data, both methods identify a tight cluster consisting of the
[[distal posterior margin1posterior branch of the facial su-
ture] anterior glabella1posterior glabella] partitions, although
the methods differ in clustering relationships of the last two
partitions to the first cluster. Both methods also identify a
[[proximal posterior margin1anterior margin] posterior
palpebral lobe] cluster. The anterior palpebral lobe and an-
terior branch of the facial suture partitions cluster very weakly
with the second listed cluster (Ward’s method), or the anterior
branch of the facial suture partition forms an extremely weak
cluster with the first listed cluster and the anterior palpebral
lobe partition is not clustered with any other partitions
(UPGMA).
Reticulate network analysis
The reticulogram for the Individuals component of variation
identifies the same three clusters of partitions as did the hi-
erarchical cluster analysis (Fig. 5A). However, reticulations
Fig. 4. Dendrograms depicting results of hierarchical cluster analyses of the among-partition correlation matrices for the Individuals (A, B)
and fluctuating asymmetry (FA) (C, D) components of variation. (A, C), Ward’s method. (B, D), UPGMAmethod. Root is central in each
plot. AC, agglomerative coefficient; CC, cophenetic correlation. Location of partitions shown in Fig. 2B. See text for interpretation.
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are added between the distal posterior margin and the pos-
terior palpebral lobe partitions, between the proximal poste-
rior margin partition and the [anterior glabella1distal
posterior margin1posterior branch of the facial suture] clus-
ter, and between the posterior glabella partition and the [an-
terior palpebral lobe1anterior branch of the facial suture]
cluster (Fig. 5A). For the FA component, the reticulogram
identifies the same two clusters of partitions as did the hier-
archical cluster analysis (Fig. 5B). The anterior palpebral lobe
partition clusters very weakly with the [[proximal posterior
margin1anterior margin] posterior palpebral lobe] cluster.
Reticulations are added between the anterior glabella and
distal posterior margin partitions, and between the posterior
glabella partition and the [proximal posterior margin1ante-
rior margin] cluster (Fig. 5B). The anterior branch of the
facial suture partition is linked to the posterior branch of the
facial suture, but is otherwise isolated. It is surprising that so
many reticulations are supported given that the cophenetic
correlation is strong for both data sets.
Graphical modeling
Graphical modeling of the Individuals component reveals an
edge connecting the anterior palpebral lobe to the anterior
branch of the facial suture, suggesting that these two form a
single module (Fig. 6A). The posterior glabella and proximal
posterior margin partitions are also connected, forming a
second variational module. A third comprises the anterior
glabella, distal posterior margin, and posterior branch of the
facial suture partitions. The posterior branch of the facial
suture is also connected to the anterior margin partition. The
second and third putative modules are linked by an edge be-
tween the proximal posterior margin and the posterior branch
of the facial suture, although the edge is weak. The posterior
palpebral lobe is not linked to any other partition.
Fig. 6. Graphical models depicting edges recovered by exploratory
analysis of among-partition partial correlation matrices for the In-
dividuals (A) and fluctuating asymmetry (B) components of vari-
ation. Dotted lines indicate edges of relatively weak strength
(adjacent to links). Location of partitions shown in Fig. 2B. See
text for interpretation.
Fig. 5. Reticulograms depicting results of reticulate network ana-
lyses of the among-partition correlation matrices for the Individ-
uals (A) and fluctuating asymmetry (B) components of variation.
Location of partitions shown in Fig. 2B. See text for interpretation.
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Graphical modeling of the FA component reveals edges
connecting the proximal posterior margin to both the pos-
terior palpebral lobe and the anterior margin partitions
(Fig. 6B). Edges are also discerned between the anterior
glabella and posterior glabella partitions, between the an-
terior glabella and the distal posterior margin, between the
distal posterior margin and the posterior branch of the
facial suture, and between the anterior and posterior
branches of the facial suture. These five partitions are
therefore connected but each one is conditionally depen-
dent on only one or two others. The first of the two mod-
ules is connected to the second by edges between the
anterior margin and the posterior glabella partitions and
between the anterior margin and the posterior branch of
the facial suture partitions (both those edges, however, are
relatively weak). The anterior palpebral lobe partition is
not linked to any other partition.
Inferred structure of phenotypic integration
The a posteriori hypothesis of the structure of phenotypic
integration inferred by congruence among the exploratory
methods in their analyses of the Individuals component of
variation is summarized in Fig. 7A. All methods support a
module comprising the [anterior glabella1distal posterior
margin1posterior branch of the facial suture1anterior mar-
gin] partitions, with tight integration among the first three
partitions and somewhat weaker integration to the fourth.
This module thus comprises traits that are conditionally de-
pendent. Similarly, a module comprising the [posterior gla-
bella1proximal posterior margin] partitions and a module
comprising the [anterior palpebral lobe1anterior branch of
the facial suture] partitions are consistently detected, indicat-
ing that these are also conditionally dependent. A weak as-
sociation between the proximal posterior margin partition
and the first listed module is detected by the methods that are
not constrained to produce a strictly hierarchical structure,
suggesting that these two parts are conditionally dependent.
Hierarchical cluster analysis and reticulate network analysis
find that the posterior palpebral lobe partition is very weakly
integrated with the [anterior palpebral lobe1anterior branch
of the facial suture] module, but the two are not conditionally
dependent and are therefore are not detected by graphical
modeling.
Inferred structure of direct interactions among
developmental pathways
The a posteriori hypothesis for the modular structure of
direct interactions is summarized in Fig. 7B. All explor-
atory methods suggest a module comprising the [proximal
posterior margin1anterior margin1posterior palpebral
lobe] partitions (with stronger integration between the first
two partitions than to the third), and a module comprising
the [distal posterior margin1posterior branch of the facial
Fig. 7. Inferred structure of symmetric phenotypic integration
(A) and of direct interactions among developmental pathways (B),
based on congruence among exploratory analyses of the among-
partition correlation and partial correlation matrices (Figs. 4–6).
Hierarchical integration structure among partitions is indicated by
nested gray boxes. Location of partitions shown in Fig. 2B. See text
for discussion.
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suture1anterior glabella1posterior glabella] partitions
(with strongest integration between the first two listed
partitions). Graphical modeling and reticulate network
analysis find an association between the anterior branch of
the facial suture and the posterior branch of the facial
suture: this is consistent with the weak clustering of the
anterior branch of the facial suture partition to the [distal
posterior margin1posterior branch of the facial su-
ture1anterior glabella1posterior glabella] module using
the UPGMA method of hierarchical clustering. A weak
association between the posterior glabella and anterior
margin partitions is detected by the methods that are not
constrained to produce a strictly hierarchical structure.
The anterior palpebral lobe partition is grouped inconsis-
tently by the different exploratory methods, and is here
interpreted to be essentially isolated from all other parti-
tions in terms of its FA (i.e., not integrated with any other
partition).
Assessing the contribution of direct interactions
to phenotypic integration
The landmark covariance structures of the Individuals and
the FA components of shape are only weakly associated (ad-
justed matrix correlation50.225), although they are more
similar than expected by chance (P50.001 based on Mantel
test, 1000 bootstraps). Matrix correlation between the among-
partition correlation matrices for the Individuals and FA
components of shape is significantly higher than expected by
chance (RM50.448, P50.02 based on Mantel test, 1000
permutations).
DISCUSSION
Functional association is a poor predictor of correlation (and
therefore integration) among cranidial partitions in this tri-
lobite. The functional hypothesis shows a poor fit to the ob-
served among-partition associations for the Individuals
component of variation and an even worse fit to those for
the FA component of variation. Other than an association
between the posterior branch of the facial suture and anterior
margin partitions and between the anterior and posterior
palpebral lobe partitions, none of the predicted strong cor-
relations between partitions made by this hypothesis are ob-
served for the Individuals component of shape variation
(compare Figs. 2C and 7A). Only the predicted correlations
between the anterior and posterior glabella partitions, and
between the anterior and posterior branches of the facial su-
ture partitions, are met by the observed data for the FA
component of variation (compare Figs. 2C and 7B). The ex-
ploratory analyses reveal a pattern strikingly different from
the one anticipated by function: integrated cranidial regions
almost invariably are neighboring partitions, suggesting that
integration arises from localized morphogenetic controls.
Neighboring, integrated partitions also share similar patterns
of ontogenetic shape change (Fig. 3), offering further support
for the importance of localized morphogenetic controls to
cranidial shape variation in this trilobite. Each common
morphogenetic control likely involved a strong component of
parallel variation because direct interactions contribute little
to phenotypic integration; the correlation between the struc-
ture of the Individuals and FA components of variation is
relatively weak even if the matrices are more similar than
expected by chance. The inferred structures of phenotypic in-
tegration and of direct interactions are not particularly similar
(Fig. 7, A and B). Although the distal posterior margin, pos-
terior branch of the facial suture, and anterior glabella par-
titions are tightly integrated in both data sets, the associations
between other partitions differ. Parallel variation among par-
titions is therefore interpreted to have strongly influenced the
structure of phenotypic integration in the cranidium of this
trilobite, modifying or masking most integration patterns
resulting from direct interactions among developmental
pathways.
The structure of cranidial integration that we find here
suggests that there are localized morphogenetic controls on
cranidial form, but localized morphogenetic processes do not
explain the integration between the [anterior glabella1ante-
rior margin] and [distal posterior margin1posterior branch of
the facial suture] groups of partitions (Fig. 7A). This unan-
ticipated correlation highlights the fact that we still have much
to learn regarding processes regulating trilobite morphology.
It is possible that the structure of integration detected herein
was complicated by the cumulative effects of multiple pro-
cesses, perhaps operating at different ontogenetic stages (the
palimpsest model of Hallgrı́msson et al. 2007). The among-
partition correlation structure for the Individuals component
of variation is stable over the portion of ontogeny analyzed
here (data not shown), so any such change in the structure of
integration would have to have occurred at an earlier onto-
genetic stage. Improved understanding of trilobite paleobiol-
ogy might lead to generation of novel a priori hypotheses
that explain some or all aspects of integration. For example,
models of Hox gene expression domains have been proposed
for the axial region of trilobites (Sundberg 2000; Hughes
2003a, b): a hypothesis for modularity based on Hox expres-
sion domains could be applied to the whole cranidium if we
had more complete knowledge of the lateral course of seg-
ments away from the glabella.
That we find parallel variation to be the dominant source
of phenotypic integration is important because integration
arising through parallel variation is hypothesized to be more
evolutionarily labile than integration arising through direct
interactions among developmental pathways (Klingenberg
2005). That lability, and its consequences for phenotypic di-
versification, could explain why early ptychoparioid lineages
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are hard to consistently diagnose (summarized in Webster in
press): frequent change in the structure of integration would
relax long-term constraints on the directions of phenotypic
evolution. Whether trilobite lineages do indeed show labile
patterns of integration, and whether that lability increases or
decreases over time, are open and important questions for
understanding the dynamics of diversification. This is the first
study to investigate modularity in a trilobite (indeed, in any
ancient arthropod), and it is encouraging that a (largely sen-
sible) structure of variational and developmental modularity
can be resolved on these exquisitely preserved fossils despite
approximately 510 million years of entombment. The fossil
record can thus be used to investigate the stability of the
structure of integration through deep time, to calibrate the
duration of those structures, and most importantly, to inves-
tigate the impact of integration on the dynamics of diversity.
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